The influence of different activation conditions, including activating agent/CNFs ratio, activation temperature and He flow rate, on the pore structure development of herringbone carbon nanofibers (CNFs) was studied. The best results of activated CNFs with larger specific surface area can be achieved using the following optimized factors: RbOH/CNFs ratio =4/1, activation temperature = 900 ºC and a He flow rate = 850 ml/min. The optimization of these three factors leads to high CNFs micropore volume, being the surface area increased by a factor of 3 compared to the raw CNFs. It is important to note that only the creation of micropores (ultra micropores principally) took place and mesopores were not generated if compared with raw CNFs.
Introduction
Carbon nanofibers (CNFs) are one of the most promising materials for many applications such as catalytic support [1] , polymer reinforcement agents [2] , fuel cell electrodes [3] , adsorbents [4] , hydrogen storage [5] , etc. In many cases, the problem associated to these structures is that their specific surface area is not very high (typical value around 150-200 m 2 /g), which hinders many applications such as those regarding gas and energy storage. In this regard, chemical activation has been shown as a very efficient method to obtain carbons with high surface area and narrow micropore size distribution.
Although a large variety of carbon precursors have been activated by alkaline hydroxides [6] (coals, polymers, lignocelullosic…), a very limited number of studies found in the literature discuss the activation of CNFs by hydroxides [7] . Moreover, it is also very important to investigate the influence of different activation conditions on the final porous texture of these materials [8] . In previous works [9, 10] , we studied the influence of the metallic cation in the hydroxide form, and the type of gas used as protector (He, Ar or N 2 ) during the www.avidscience.com Top 5 Contributions in Nanotechnology process. Thus, we could demonstrate that He is the best protector gas and KOH and RbOH the best activating agents.
In this work, we study the influence of the most important operation conditions in the pore development of carbon nanofibers using RbOH as the activating agent as an alternative to KOH (most frequently reactive used in chemical activation processes). The following operation conditions were studied: RbOH/CNFs ratio, activation temperature and helium flow rate. To evaluate the structural changes in the activated CNFs, different characterization techniques were used (N 2 adsorption-desorption, XRD, and elemental composition). The optimal values of the different variables were selected taking into account the maximum pore development according to the surface area values.
Experimental
Herringbone CNFs were grown at atmospheric pressure in a fixed-bed reactor located in a vertical oven at a temperature of 600 ºC according to the procedure described in [9, 10] .
After that, CNFs were activated in an experimental set up consisting on a horizontal quartz reactor tube with a conventional horizontal furnace. Thus, the appropriate amount of CNFs was mixed with RbOH and distilled water (10 ml water for 2 g RbOH) and heated at 85 ºC for 4 h under stirring and then dried for 12 h at 110 ºC. Finally, the mixture was placed on a ceramic crucible located inside the horizontal reactor tube. The heat treatment consisted of a heating ramp from ambient temperature to the final heat treatment temperature at a heating rate of 5 ºC/min, followed by a 3 h plateau under a determinate He flow rate. Later, the system was cooling back to the initial temperature. The activated product was firstly washed with hydrochloric acid (5 M) to remove the activating agent and finally, with distilled water until a neutral washing was obtained. The resulting material was dried for 12 h at 110 ºC in air to remove water prior to characterization.
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Powder X-ray diffractograms (XRD) were recorded with a Philips PW 1710 instrument using Ni-filtered Cu Kα radiation. Surface area/porosity measurements were conducted using a Micromeritics ASAP 2010 sorptometer apparatus with N 2 as sorbate at 77 K. Samples were outgased (at 6.6 x 10-9 bar) at 180º C overnight prior to analysis. Specific surface areas were determined by the multipoint BET method, pore volume and size distributions were evaluated using the standard BJH treatment, and micropore size distributions were evaluated using the Horvath-Kawazoe (H-K) equation. The carbon and hydrogen content in the solid carbon deposits was determined using a LECO CHNS-932 apparatus.
Results and Discussion
The reaction conditions that have been studied in detail are summarized in Table 1 . All these parameters have an important effect on the final pore characteristics of the activated CNFs. Also in Table 1 are showed the textural properties, the elemental composition and npg values of the activated materials. www.avidscience.com
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BET surface area was, in all the cases, significantly larger than that of the parent CNFs showing the important effect that the treatment has on the porosity of carbon nanostructures. It can be seen that both the BET surface area and the micropore volume increased continuously with the RbOH/CNFs ratio, reaching a maximum for a value of 4/1. At higher values (5/1), the microporosity did not increase anymore. It can also be observed in Figure 1 in which the N 2 isotherms are showed. All the isotherms correspond to a mixture of I-IV type according to the IUPAC classification associated with both micropores and mesopores with a hysteresis loop resulting from capillary condensation in the mesopores. As can be seen in the isotherms, a gradual increase in the absorbed N 2 with the RbOH/CNFs ratio took place until that a 4/1 value was reached, indicating a higher activation degree.
On the other hand, total BET and micropore surface area increased with the activation temperature in all the temperature range studied. Note that, while the micropore volume increased, the mesopore volume continuously decreased until 850 ºC, but it increased at higher temperatures (850-900 ºC). These results can be clearly observed in Figure 2 where the micropore and mesopore size distribution are showed. The population of micropores was enhanced with the temperature increase until 850 ºC in contrast with that observed for the mesopores which significantly decreased. 
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Finally, higher He flow rates favoured the microporosity development until that a value of 850 ml/min was reached. Later, with a further increase in the He flow rate, the porosity development (including both micro and mesopores) started to be lower.
It is also important to note that the mesoporosity was not development at all if compared with that associated to raw CNFs concluding that RbOH activation was more effective in the microporosity development.
The proportion of ultra micropores, supermicropores and mesopores in the activated samples are shown in Figure 3 . It can be seen that an increase in the amount of RbOH in the activation process produced a rise in the ultramicropore volume (coincident with the BET surface area increase) of the activated materials, reaching a maximum when the RbOH/CNFs ratio reached a value of 4/1 (Figure 3a) . Moreover, some supermicropores were also generated. The total mesopore volume decrease that took place in activated materials compared to the raw one is the results of the strong interaction of the initial mesopores (inherent to raw CNFs) with the chemical agent responsible to the activation (Rb) generating new micropores [11] . Note that, in all the cases, the percentage of mesoporosity inherent to the parent CNFs was decreased during the activation process due to the high amount of ultra micropores created.
In a similar way, the amount ultra micropores increased with the activation temperature until 850 ºC. Later, a small increase in the temperature (900 ºC), produced the generation of new supermicropores and mesopores in expense to some ultra micropores destruction.
Finally, He flow rates in the range 150-850 ml min -1 promoted principally the ultramicropore development; nevertheless, a further increase in the He flow rate until 1000 ml min -1 was such enough to deteriorate the pore development. Table 1) www.avidscience.com
Summarizing, RbOH/CNFs ratio, activation temperature and He flow rate are very important parameters in the porosity control of CNFs. To explain the obtained results, it is necessary to take into consideration that during the activation reaction, Rb is formed. Although this metal can be removed from the carbon matrix by evaporation (boiling point of Rb: 688 ºC), a proportion of it can also be intercalated, which produces the pore opening of the parent CNFs, since some graphitic structures are destroyed and micropores and sometimes mesopores are generated [11] . Obviously, a strong interaction between the Rb and CNFs will produce the generation of new mesopores while a mild interaction will induce only the generation of micropores (in part due to the original CNFs mesopores destruction). Thus, the Rb-CNFs interaction strength can be easily improved with an increase in the RbOH/CNFs ratio and temperature, so that an important CNFs pore structure development (including both micropores and sometimes also mesopores) took place. Nevertheless, when the RbOH/CNFs ratio and reaction temperature exceed a determinate limit, no new micropores are generated and even they can disappear by its strong interaction with the activating agent (Rb) generating some new mesopores (reforming reactions could occur in the activated CNFs, widening some micropores to larger mesopores and so, decreasing the surface area and micropore volume but, increasing the mesopore volume [12] ). Respect to the He flow rate, it is necessary to have into account the removal of gases evolved during the activation process. Fast removal of gases such as CO, CO 2 , H 2 , Rb favours the porosity development and it occurs at higher flow rates values, because the equilibrium of the principal reaction (6 RbOH + 2 C ←→ 2 Rb + 3 H2 + 2 Rb 2 CO 3 ) is displaced to the production of further Rb, increasing the degree of reaction between CNFs and RbOH. Nevertheless, H 2 O is also formed during pyrolysis reactions (e.g: 4 RbOH + C ←→ 4 Rb + CO 2 + 2 H 2 O; 4 RbOH + 2 CO 2 ←→ 2 Rb 2 CO 3 + 2 H 2 O) and its removal of the reaction place is against the activation due to H 2 O v has the ability of penetrate the solid material and to help desorption and efficient removal of the volatile products from it [13] . Therefore, a balance between these two removal processes exists; a He flow rate too high could remove of the reaction place a too high amount of H 2 O in detrimental of the porous properties of CNFs, and a small He flow rate probably do not removal CO, CO 2 … enough, also in detrimental of the activation.
The graphitization degree can be quantified using the average interlayer spacing (d 002 ) and the average stacking height of carbon planes (Lc), which are expressed in Table 1 as the mean number of grapheme planes in the crystallites (npg). npg values varied in the range [10.8 (raw CNFs) -8.6] being lower when higher the activation degree was. Anyway, npg values were pretty high if compared with those reported for conventional activated carbon or activated carbon fibers, indicating that the graphitic nature of the raw CNFs remains present in the activated samples [7] .
Finally, according to the mass balance of reagents, raw CNFs were composed of carbon, hydrogen and oxygen, in a relative molar proportion of 92, 5.5 and 2.5%. After the activation process, carbon content decreased, hydrogen content was approximately kept constant, whereas oxygen content increased (C/O ratio drastically decreased in CNFs with the activation degree).
Conclusions
Depending on the final application of the activated materials, it is possible to control their pore structure by choosing the suitable activation conditions. The best results of activated CNFs with larger specific surface area can be achieved using the following optimized factors: RbOH/CNFs ratio =4/1, activation temperature = 900 ºC and a He flow rate = 850 ml/min.
